modified ground quill, 2522% for composites with modified long fiber and 3206% for the composites with modified short fiber. The lysozyme test shows an improved in the degradability rate, the weight loss of the films at 21 days is reduced from 73% for chitosan-starch matrix up to 16% for the composites with 5 wt% of quill; but all films show a biodegradable character depending on keratin type and chemical modification. The outstanding properties related to the addition of treated keratin materials show that these natural composites are a remarkable alternative to potentiating chitosan-starch films with sustainable features.
Introduction
Fiber-reinforced polymeric composites have been used for a variety of structural applications and are an alternative solution to ever-depleting petroleum sources. The reinforcement of polymer matrices with a growing array of natural fibers is a huge research field under constant development, and new alternatives are created to diversify the properties of natural fibers and green polymer films [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Natural fibers play an important role in developing high-performance, fully biodegradable "green composites" as environmentally friendly alternatives to synthetic fibers [11] [12] [13] . Advantages of natural fibers over traditional reinforcing materials include low cost, low density, good thermal properties, enhanced energy recovery and biodegradability [12, 14, 15] . Also, natural fibers can affect the mechanical properties of bio-matrices [16] . However, the shortcomings of natural fiber-reinforced composites in natural polymer matrices have been their high moisture Abstract Chitosan-starch polymers are reinforced with different keratin materials obtained from chicken feather. Keratin materials are treated with sodium hydroxide; the modified surfaces are rougher in comparison with untreated surfaces, observed by Scanning Electron Microscopy. The results obtained by Differential Scanning Calorimetry show an increase in the endothermic peak related to water evaporation of the films from 92 °C (matrix) up to 102-114 °C (reinforced composites). Glass transition temperature increases from 126 °C in the polymer matrix up to 170-200 °C for the composites. Additionally, the storage modulus in the composites is enhanced up to 1614% for the composites with Electronic supplementary material The online version of this article (doi:10.1007/s10924-017-1115-1) contains supplementary material, which is available to authorized users. absorption, poor wettability and poor fiber-matrix adhesion [15] . To improve the properties of their composites, natural reinforcing fibers can be modified by physical and chemical methods [1, 17] . Natural fibers have hydroxyl groups that allow the fibers to undergo a chemical treatment. Chemical modifications expose more reactive groups on the fiber surface and thus facilitate efficient coupling with the matrix. In recent years, there have been several studies to modify the performance of cellulosic natural fibers [18] . Different surface treatment methods of these fibers have been studied to improve their strength, size and shape, and also the fiber-matrix adhesion [19] [20] [21] [22] [23] [24] [25] [26] [27] .
One of the most common and efficient methods of chemical modification is alkali treatment of fibers, which has been used to treat almost all natural cellulosic fibers with successful results. It is reported that alkaline treatment has two effects on the fibers: (1) it increases surface roughness, resulting in better mechanical interlocking; and (2) it increases the amount of cellulose exposed on the fiber surface, thus increasing the number of possible reaction sites [28, 29] . Thus, alkali treatment has been considered a good technique to modify the fiber surface to obtain better adhesion between the fiber and the matrix [15] . On the other hand, focus on the reuse of keratin materials obtained from chicken feathers-an alternative to vegetable fibers and a contribution to sustainability-as an alternative reinforcement in composite materials has gained acceptance from many researchers over the last decade [30] [31] [32] [33] [34] [35] [36] [37] [38] .
Keratin from poultry feathers (the United States poultry industry produces approximately 1.5 billion kg of chicken feathers each year [34] ) is a fibrous protein that shows high stability due to its self-assembled hierarchical structure [39] . Chicken feathers have unique structures and properties not found in any other natural or synthetic fibers. The low density, excellent compressibility and resilience, the ability to dampen sound and retain warmth, and the distinctive morphological structure of feather barbs, make them unique fibers [40, 41] .
However, research into the use of keratin materials from chicken feathers in composites is mainly focused on synthetic polymers [30, 33, 39, 40] or recently in combination with some synthetic monomers [3] to produce films, and only a few reports have been published on the use of totally natural polymers reinforced by keratin materials obtained from feathers [34] [35] [36] . Recently, we reported the development of green composites with keratin materials (short fiber, long fiber and quill) as reinforcements of a chitosan-starch matrix [37] . This report showed evidence of improved mechanical and thermo-mechanical properties in the green composites, due to the good interface and compatibility between the keratin fillers and the polymer matrix. Due to these results, the study presented here utilizes a common modification method to improve the reported effects in the composites, but now utilizing functionalized keratin fillers.
In the present article, the thermo-mechanical properties of chitosan-starch films are potentiated by developing composites with chemically modified keratin materials. Thus, the aim of this study is to contribute an explanation of the effect of chemical treatment in the thermal and mechanical properties of keratin as reinforcement in a natural matrix, and also to improve notably the development of this type of sustainable composite elaborated with natural polymers. In addition, lysozyme degradation tests are realized in order to verify the changes produced in chitosan-starch through the incorporation of keratin materials (short fiber, long fiber and ground quill) without treatment, and after chemical modification. Thus, in spite of a common modification method is used for keratin material, the results have been not been reported before, and the notable improvements of natural polymeric matrix composites could be useful in extending the potential uses of these types of material. The enhanced properties of green polymers are important alternatives to be applied and to produce possible benefits for the environment.
Materials and Methods

Materials
Chitosan (85% deacetylated) was obtained from SigmaAldrich. Potato starch was purchased from National Starch, Co. (Hammond, IN, USA). Sorbitol was acquired from Golden Bell Reactivos, acetic acid was obtained from J.T. Baker and chicken feathers were supplied by Pilgrim's Company (Queretaro, Mexico). The reagent grade (> 98%) sodium hydroxide employed in this work was purchased from Sigma-Aldrich.
Preparation of Keratin Biofibers and Ground Quill
Feathers, as obtained from Pilgrim's, were washed with water and ethanol and dried in order to be clean, white, sanitized and odor-free. The keratin biofibers (barbs and barbules) were separated from the quill by cutting manually; these are called long biofibers (L). Short biofibers (S) were obtained when the long biofibers were finely milled in a hammer mill. Also the quill (GQ) was milled in a hammer mill (Pulvex, model 200, sieve 4 mm).
Sodium Hydroxide (NaOH) Treatment
Keratin biofiber was placed in a glass vessel and 100 mL NaOH 0.1 M was added to the vessel and stirred well. Keratin biofiber was immersed for 5 h and heated to 50 °C. Then, the alkaline-treated biofibers were washed thoroughly in plenty of distilled water to remove the excess NaOH (pH 11). Thereafter, the fibers were dried at 35 °C for 48 h (fiber humidity 9.2%) before the composites were made. Chemical conditions to modify keratin materials were elected taking into account previous unpublished work; the conditions described here produce changes in the surface of the keratin materials but the keratin structure was unaffected. Table 1 shows the corresponding concentrations and nomenclature used in the synthesis and characterization of composites. All the films were obtained by the casting/solvent evaporation method previously described by Flores-Hernandez et al. [37] . The composites reinforced with four different contents (5, 10, 15 and 20 wt%) of treated short and long keratin biofibers and ground quill were prepared for this investigation. The resulting mixture was poured into poly(tetrafluoroethylene) dishes to complete gel formation and later was cooled to 35 °C (film humidity 9.4%) for 96 h. All treatments were carried out in duplicate.
Composite Preparation
Lysozyme Tests
To evaluate the composite degradation a solution 1 L of phosphate buffer solution (PBS) was prepared with the following quantities: 8 g NaCl, 0.20 g KCl, 0.14 g KH 2 PO 4 , 0.91 g Na 2 PO 4 . Reagents were added one by one in distilled water with stirring until completely dissolved and adjusted to pH 7.4 using 1 N NaOH and/or 1 N HCl. NaN 3 (0.02%) was added to the buffer solution before sample incubation. Composites for the lysozyme tests were cut, to approximately 1.0 × 1.0 cm. The samples were produced in quadruplicate, and weighed prior to mixing with PBS pH 7.4. The degradation in vitro was conducted in test tubes containing 5 mL PBS with NaN 3 and 5 µg mL −1 of lysozyme. The composites were placed in test tubes and incubated for different periods of time (1 day, and 1, 2, and 3 weeks) at 37 °C. After completing the incubation time of each sample, polymer films were washed with deionized water and dried in a vacuum oven at room temperature and weighed again. The degradation was evaluated according to the weight loss.
Characterization Methods
Dynamical-mechanical analysis (DMA) was measured using a Perkin-Elmer DMA 8000 under the flexural mode of testing. The dimension of the specimens was 22 × 5 × 0.18 mm. The heating rate was set at 5 °C min −1 and the samples were tested between 30 and 250 °C. Differential scanning calorimetry (DSC) was conducted in a TA Instruments model Q200; samples were heated at a rate of 10 °C min −1 from 15 to 400 °C under nitrogen atmosphere. Two samples of each composite were analyzed for thermal and thermomechanical characterization. The morphology of the composites was observed by scanning electron microscopy (SEM) using a JSM-6060LV JEOL microscope at an accelerating voltage of 20 kV. Samples of all composites were fractured using a Zwick/Roell Z005 universal testing machine, to observe by SEM the behavior of the reinforcement in the matrix. Fractured samples were mounted on metal stubs and vacuum-coated with gold at 7 × 10 −2 mB using argon in a sputter coater EMS 550. The samples obtained after Lysozyme testing were prepared in the same manner for observation by SEM, and the morphological changes during degradation examined; these samples were analyzed using a JSM-7000F JEOL microscope at an accelerating voltage of 5 kV.
Results and Discussion
Morphology of Chemical Modification of Keratin Biofibers Studied by Scanning Electron Microscopy
The difference between the keratin biofiber and ground quill before and after alkali treatment is shown in Fig. 1a -h. The SEM micrographs show the clear difference between the surface of the untreated and treated biofibers. The untreated biofibers (Fig. 1a, b) have a smooth longitudinal surface; this surface is completely changed by the chemical treatment with sodium hydroxide. Figure 1c, d shows that the biofiber ChS
ChS-LB20 ChS-SB20 ChS-GQ20 ChS-LM20 ChS-SM20 ChS-GQM20
surface has the appearance of tiny fibers, so that a rough surface is revealed. Mercerization of vegetable biofibers has been found to change the surface topography of the fibers and improve tensile strength, flexural strength and impact resistance due to chemical modification [15, [42] [43] [44] .
The chemical treatment on the surface of the ground quill was carried out to improve compatibility with the chitosan-starch matrix. The alkali treatment dissolves and leaches out the fatty acids and their condensation products that form the waxy cuticle layer.
The untreated fibers, Fig. 1e , f, show a surface with impurities. The treated ground quill, Fig. 1g , h, shows a very clean surface and also a flat surface without impurities. Also, some studies of cellulosic fibers [45] have shown that the surface of the alkali-treated fiber appears to be quite smooth; however, this keratin fiber is roughened due to the chemical treatment, and the surface topography shows the absence of surface impurities, which were present on the untreated fiber.
Fiber Dispersion and Physical Appearance of Composites
Figures S1, S2 and S3 shows the composites reinforced with untreated and treated keratin materials. The composites with long biofiber, shown in the images S2 (a-d), exhibit a fiber saturation, which is more evident with increased reinforcement percentage; this is attributed to the length of the fiber, which is not conducive to being completely wetted by the matrix. However, the composites reinforced with treated keratin biofiber S2 (e-h) do not show saturation; thereby achieving a better dispersion. Thus, the modification of the surface of the keratin fiber improves compatibility with the matrix in the case of the long-fiber reinforcement.
Composites reinforced with short biofibers and ground quill (Figs. S1 and S3 respectively) have the same behavior observed in Fig. S2 , showing better compatibility and dispersion in composites with modified materials than in those developed with untreated keratin. Figure 2 shows the micrographs obtained by scanning electron microscopy of fracture surfaces after tensile tests of chitosan-starch composites reinforced with treated fiber and quill. The fractured surface shows irregularities in its morphology and it can be observed that the fibers are adhered to the matrix. Also, it is possible to observe that there is no separation of phases between the matrix and the reinforcement, and the fibers are completely wetted by the matrix, indicating that the films have a good interaction. In addition, few voids are found on the fracture surface, because the fibers are trapped by the matrix [37] .
Morphology of Composites Studied by Scanning Electron Microscopy
Differential Scanning Calorimetry
The basic principle underlying this technique is that when the sample undergoes a physical transformation such as a phase transition, a quantity of heat will need to flow, relative the reference, to maintain both samples at the same temperature. Whether less or more heat must flow to the sample depends on whether the process is exothermic or endothermic [46] . The endothermic and exothermic peaks obtained from differential scanning calorimetry (DSC) for untreated and treated short-fiber keratin, and the composites reinforced with treated short keratin biofiber are shown in Fig. 3 . Also in the figure are the thermograms of chitosan-starch and composite with 5 wt% untreated fiber.
The thermogram of the untreated keratin short fiber (SB) shows the following endothermic peaks: (a) around 95 °C related to water evaporation [33, 41, 47, 48] ; (b) 227 °C, due to crystalline melting of the fiber keratin [48] , specifically assigned to α-helix denaturation of keratin intermediate filaments (KIFs) [47, 49] , defined as low sulfur-content keratin, having molecular weights of 60-45 kDa; (c) 247 °C, related to protein denaturation, but explicitly with the formation of inorganic compounds containing sulfur, such as SCS, SCO, H 2 S and SO 2 [33, 50] ; (d) 290 °C, related to the melting/ degradation of keratin associated proteins (KAPs) of the inter-macrofibrillar matrix, defined as high sulfur-content keratin with molecular weights of 28-11 kDa [51] . In the same Fig. 3 is shown the thermogram of keratin short fiber after modification (SM), where it is observed that the zone of water evaporation presents three endothermic peaks, which are related to the hydrophilic behavior acquired by keratin after treatment; it is supposed that this hydrophilic behavior allows division of the water liberation from the keratin into three types: "free water", "loosely bound water" and "chemically bound water" [41] ; this latter type of water is related to more bound water in the structure, associated with the peak at higher temperature, 123 °C. In the zone of denaturation of KIF, the peak is shifted slightly to higher temperature compared to the SB thermogram; however in the zone of melting of KAPs the temperature shifts to lower values in comparison to untreated keratin (SB). Similar results have been found for other types of keratin after oxidation with hydrogen peroxide [52] . Thus, it is evident that chemical treatment with NaOH (in this research) or oxidation by other chemical treatments [52] produce comparable degradation of the surface structure; in this case some inter-macrofibrillar matrix segments are diminished or deteriorated. However, the melting temperature of the intermediate filaments is not affected by treatment. Similar behavior is observed in unmodified and modified quill (GQ and GQM). The DSC curves are included in Fig. S4 . Figure 3 also shows the thermograms of chitosan-starch matrix, and the composites with untreated and treated short fiber. In the sample of chitosan-starch, the endothermic peak around 88-100 °C corresponds to the evaporation of water from the film, as has been reported earlier [37, 53, 54] ; the same peak is also shown for all composites. Due to increased hydrophilic behavior of treated keratin, which increases with chemical treatment, a slight increase in water evaporation temperature is observed in the majority of the composites with treated short fiber in comparison to matrix and composites with untreated keratin. The second stage in these thermograms is shown only in the composites; therefore, it corresponds to the crystalline melting temperature of keratin [37, 47, 49, 55] and is more visible in composites with modified keratin. In the third zone, the endothermic peak is attributed to a complex process, including the rupture of the saccharide rings and decomposition of the acetylated and deacetylated units [53] . According to the DSC peaks, it can be deduced that the keratin changes this behavior, and the peak of the third zone is only slightly visible in the composite with untreated keratin, however in the composites reinforced with treated keratin different behavior is presented. This change is related to the effect that produce modified short fibers in the matrix. Thus different materials are produced after treatment. Other studies with natural fibers (hemp) [56] have concluded that alkali treatment improves the thermal stability of the fibers.
For the composites reinforced with ground quill and long fibers, both chemically modified, the behavior was the same, with some shifts in water evaporation temperature and modification of the final degradation of the chitosan-starch due to the effect of the chemically modified keratin. In supplementary information, DSC results for ChS-GQM and ChS-LM composites are included in Figs. S4 and S5, respectively.
Dynamical Mechanical Analysis
DMA can be described as applying an oscillating force to a sample and analyzing the material's response to that force. In DMA, a complex modulus (E*), an elastic modulus (E′) and an imaginary (loss) modulus (E″) are calculated from the material response to the sine wave. These different moduli allow better characterization of the material because it is possible to analyze the ability of the material to storage energy (E′), to lose energy (E″), and the ratio of these effects (tan delta), which is called damping [57, 58] . Figure 4a -c shows the comparison of the storages modulus curves of the matrix, the reinforced composites with keratin materials and the composite reinforced with 5 wt% of the keratin material without chemical treatment. It is clear that the storage modulus for all samples with chemically treated long fiber increase significantly with respect to the matrix and the composite with untreated fiber (Fig. 4a) . Considering the storage modulus (E′) at 38 °C for the matrix and the highest modulus for the composite with 20 wt% of chemically treated long fiber, E′ is improved by a factor of 26.2 (2522%), and considering the composite with untreated fibers at the same temperature, by a factor of 4.8 (383%). It is important to mention that the composite with 5 wt% of untreated long fiber is the composite than reached the highest value of storage modulus considering the same concentrations as presented here (5, 10, 15 and 20 wt%), as previously published [37] . Also it is possible to observe that these composites with chemically treated fiber have a clear tendency with respect to the quantity of reinforcement used; for example the composite with 5 wt% of reinforcement (ChS-LM05) showed an E′ of 1354 MPa, improved by a factor approximately of 14 when compared to the matrix, and the composite with 20% of reinforcement (ChS-LM20) reached an E′ of 2465 MPa. Thus, it is evident that this treatment improves significantly the interface between keratin fiber and chitosan-starch; hence, long keratin fibers, after chemical modification, represent an important option for the reinforcement of natural chitosan-starch polymers, in order to improve significantly their thermomechanical properties.
On the other hand, the highest storage modulus (E′ = 3108 MPa) was obtained with the composite with 10 wt% of chemically-treated short fiber (Fig. 4b) , with relevant increases by a factor of 33 (3206%) over the matrix. The E′ had a tendency to increase with 5 and 10 wt% of reinforcements (2753, 3108 MPa respectively). It is important to emphasize that all composites with modified fiber showed a better performance than matrix composite (E′ = 94 MPa) and reinforcement with untreated keratin (1006 MPa), so it is clear that chemical treatment of short fiber also notably improves the storage modulus. DMA results for ChS-GQM are shown in Fig. 4c . The behavior of these materials is very similar to the previously described materials (chemicallymodified short and long fiber composites), inasmuch as the composites with chemically modified quill show outstanding values, superior to the matrix and the unmodified fiber composite. However, the values of E′ for ChS-MGQ films do not show a clear tendency with respect to the quantity of reinforcement used, but these composites improve by a factor of 17.1 (1614%) when compared to the matrix and by a factor of 7.9 (694%) considering the composite with untreated ground quill at the same temperature. Thus, a good interface and an improved stiffness of chitosan-starch are shown by all keratin materials characterized. Good interface in polymer composites reinforced with natural materials has been reported with increases in storage modules (E′) in different research [45, 59, 60] , due to this module being very sensitive to changes in structure or fiber matrix interface bonding in composites [60] .
The term Tg is the reversible transition in amorphous materials (including amorphous regions within semi-crystalline materials) from a molten or rubberlike state into a hard and relatively brittle, glassy state. Tg values are useful for a variety of purposes; for example, they could be used as a function of composition in binary polymer blends, of the effects of fillers in polymers, and of nanoconfinement effects on segmental motions in polymer composites, among others [61, 62] . In DMA the maximum of tan delta is related to Tg. For chitosan-starch composites Tg has been reported to be around 90-100 °C [63] .
DMA results also show the Tg values (tan delta maximum) for chitosan-starch matrix to be around 126 °C, and for composite with 5 wt% untreated short fiber, 163 °C. It is important to emphasize two behaviors: (1) Tan delta (Tg) maximums for composites with chemically treated short fiber do not show the same bell behavior as do the matrix and the composite with untreated short fiber. Also, the behavior of these curves (Tg) are different compared to any composite developed with untreated keratin at the same percentages, as previously published [37] , and (2) Tan delta maximums for composites with treated short fiber are shifted to higher temperatures (approximately 170-200 °C), indicating that the interaction between matrix and treated fiber changes the movement of the chains, generating a more thermally stable film. The shifts in tan delta are associated with improving the interactions at interface level between reinforcements and matrix [59, 60] .
Composites with treated long fiber (ChS-LM) reached maximums of tan delta in the region of 200-240 °C, whereas the composites with treated ground quill shifted the temperature of the maxima to the region 170-180 °C. The thermal change in ChS-LM is associated with decreasing mobility of the polymer chain, indicating that long fibers are able to affect the segmental motions of the polysaccharide chains [37] . The absence of bell behavior but the displacement of the maximum point to a higher temperature suggests that the chemical modification is an important option in the reinforcement of polysaccharide polymers in order to increase their thermomechanical properties. Tan delta curves for all composites are shown in the supplementary information Figs. S6, S7 and S8 for short fiber, long fiber and ground quill, respectively.
Fourier Transform Infrared Analysis
The FTIR in the zone 1800-800 cm −1 for keratin, chitosan-starch films, composites reinforced with short fiber (20 wt%) and composites synthesized with 20 wt% of modified keratin materials can be observed in Fig. S9 . In this region, three peaks appear, associated with the matrix between 995 and 1150 cm −1 , and are assigned to C-O bond stretching [64] . Also, these peaks appear at the same wavenumber as the peaks of reinforced composite. It is observed that the shoulder found at 1020 cm −1 for the composites reinforced with keratin materials increases slightly from that in the matrix spectrum; this band is attributed to interactions of C-O-C bond stretching in saccharide films with hydrogen bonds [37, 64] . In addition, the main peaks related to keratin are detected at 1430, 1550 and 1630 cm −1 . The peak at 1430 cm −1 is attributed to the CH 3 group, the next region around 1530-1550 cm −1 is assigned to in-plane bending of NH group and the band at 1630 cm −1 corresponds to the C=O group [37, 41] .
Lysozyme Test
The decomposition rate of the chitosan-starch matrix, composites with 5 wt % untreated keratin and composites reinforced with 5 wt% chemically treated keratin were investigated by monitoring the change in weight loss during degradation in phosphate buffer solution at pH 7 and 37 °C. Figure 5 shows the weight loss of these materials. An increasing trend in weight loss is observed from the first to the third week of incubation in PBS. The chitosan-starch films showed the highest percentage of decomposition in this time.
At the end of the three weeks degradation process, the weight loss of matrix was 72%, the highest percentage of decomposition. Composites reinforced with short (SM05), long (LM05) and chemically-treated ground quill (GQM05) showed weight losses of 38, 47 and 59%, respectively. On the other hand, the composites reinforced with untreated fillers, short fiber (SB05), long fiber (LB05) and ground quill (GQ05) experienced weight losses of 69, 59 and 17%, respectively. These results show that all composites with keratin materials are more resistant to degradation than is the matrix. Chemical treatment retards the degradation process in short-and long-fiber reinforced composites, but quill composites are more stable to degradation before chemical Fig. 5 shows the standard deviation that represents the range of variation in experimental data. It can be seen that deviations do not significantly influence the clear changes in film degradation. Considering each type of keratin, only short-fiber (SB05) shows a similar tendency in weight loss to the chitosan-starch matrix. However, the other keratin materials present significant differences in weight loss from the matrix. It is important to note that each reinforcing material has a different behavior with respect to weight loss. Therefore, the length, keratin material structure, orientation, shape and chemical treatment of reinforcements are very significant factors influencing the degradation of the films. Thus, keratin materials produce composites more stable to degradation in chitosan-starch materials, but sustainable behavior is maintained. Figure S10 shows SEM images obtained after the Lysozyme test. After 3 weeks, it is possible to observe that chitosan-starch films present a different degradation process from those reinforced with untreated keratin. Whereas chitosan-starch films present a segmentation process, and the material get more porosity during the degradation time, composites with untreated keratin (Fig. S10b-d) have less surface roughness after the degradation process, with exception of the sample ChS-SB05, which presents a porous surface polymer matrix; this agrees with the lysozyme degradation curves (Fig. 5) . In addition, composites containing treated keratin (Fig. S10e-g ) have, since the initial process, a flaky structure that is maintained during the weeks and with different features from the composites containing untreated keratin. Thus, it is observed than degradation of these composites is integral, and keratin materials in the matrix produce new materials, with different characteristics from chitosan starch; therefore, as is observed in the images, keratin, depending on its nature and modification, produces different behavior in these materials.
Conclusions
Environmentally friendly composites made of chitosan-starch and chemically treated keratin materials were obtained. Chemical modification of the keratin materials changed their surface morphology and produced in the composites excellent dispersion and wettability, as observed by the naked eye and in SEM micrographs. This compatibility was reflected in the relevant thermo-mechanical properties achieved, which improve significantly the possible applications of natural matrices. The contributions to the storage modulus of the matrix by the different keratin materials followed this order: SM > LM > GQM.
The relevant interaction of keratin materials was also reflected in the thermal properties of the composites, inasmuch as important changes related to water release by composites, degradation of saccharide rings and Tg were observed with treated keratin in comparison to the matrix and to composites reinforced with untreated keratin, indicating that materials with different features were produced.
FTIR revealed some possible hydrogen-bond interactions between the reinforcements and the C-O bonds of the matrix. The lyzosyme test showed that chemical treatment of keratin, in short and large fibers, retarded the degradation in the composites, and the keratin materials in general gave materials more stable to degradation. SEM after degradation showed different structure degradation in composites with treated keratin compared to untreated keratin composites and matrix.
Chemical treatment of the forms of keratin-short fiber, long fiber and ground quill-changed significantly the behavior and properties of chitosan-starch films compared to untreated keratin, and potentiates their possible applications. The composite materials synthesized with by-products of the poultry industry and the natural biodegradable polymers produced are totally sustainable. These composites hold promise for their potential applications and could be used as films in food packaging material due to their excellent thermo-mechanical and biodegradable properties.
